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Summary
Objective and Design: We characterized the mean peak vertical forces (MFz) in five groups of dogs which underwent transection of the left
anterior cruciate ligament (ACLT) or sham ACLT and ipsilateral dorsal root ganglionectomy or sham-ganglionectomy, and the relationship of
these forces to the severity of osteoarthritis (previously reported) 72 weeks after arthrotomy. Group I (N=7) underwent ACLT; Group II (N=8)
underwent ACLT followed 52 weeks later by ganglionectomy; Group III (N=7) underwent ganglionectomy followed 2 weeks later by ACLT;
Group IV (N=7) underwent sham-ganglionectomy followed 2 weeks later by ACLT; Group V (N=8) underwent ganglionectomy followed
2 weeks later by sham-ACLT. The dogs were evaluated 2, 6, 12, 24, 52 and 72 weeks after arthrotomy.
Results: From 6 weeks after arthrotomy until death, the left hindlimb MFz in Group V was significantly greater (P<0.05) than that in the other
four groups. The MFz of all groups which underwent ACLT decreased after arthrotomy. While the MFz of Group III (very severe OA) was
about 10–20% greater than that of Groups I, II and IV (mild OA) 6 and 12 weeks after ACLT, and generally about 5–10% greater
subsequently, this difference was not statistically significant. The MFz of Group II returned to pre-ganglionectomy levels, rather than to
baseline levels, following ganglionectomy.
Conclusions: (1) since the ipsilateral limb of dogs with ganglionectomy+sham ACLT bore normal amounts of weight throughout most of the
postsurgical period, and its knee did not develop OA, one cannot argue that the knee was protected from OA because the limb was not used;
(2) the fact that the MFz of dogs which underwent ACLT+ganglionectomy returned to pre-ganglionectomy levels, rather than baseline, is
consistent with the hypothesis that the unstable joint was protected from accelerated breakdown by a central nervous system that was
reprogramed by sensation from the unstable limb; (3) the slightly—but consistently—greater MFz of dogs which underwent ganglionectomy+
ACLT may contribute to the acceleration of OA in this model. © 1999 OsteoArthritis Research Society International
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Transection of the anterior (cranial) cruciate ligament
(ACLT) in the dog produces osteoarthritis (OA) that closely
mimics OA in humans.1–3 In the canine model, the lesions
develop slowly, and the OA remains mild for up to 3 years
after ACLT. Thereafter, however, the lesions may progress
more rapidly, leading to the development of full-thickness
ulcers of the cartilage.4
Previously, we showed that protection of the normal,
stable joint against the development of OA is not dependent
on ipsilateral sensation, but that ipsilateral sensation may
be important in protecting the unstable joint from develop-
ment of advanced pathologic changes of OA after ACLT.5,6
Thus:
(1) Dogs with a stable knee did not develop knee OA
within 74 weeks after having sensory input from one
hind limb interrupted by L4-S1 (inclusive) dorsal root
ganglionectomy. Therefore, these sensory nerves
were not important in protecting the stable knee within
this period.6567(2) Among dogs killed 72 weeks after transection of the
ACLT, those with intact sensation developed mild OA,
while those which had undergone sensory ablation
prior to ACLT developed severe OA. Therefore, ipsi-
lateral sensation protects the acutely unstable knee
from accelerated breakdown.6
(3) In dogs which underwent sensory ablation 52 weeks
after ACLT and in those which remained neurologi-
cally intact after ACLT, OA changes 72 weeks after
knee surgery were similarly mild. Therefore, by 52
weeks after ACLT, ipsilateral sensory nerves had
become unimportant in protecting the chronically
unstable knee from accelerated breakdown.6
These observations raise a number of questions: how did
deafferentation affect the ipsilateral loading of the limb in
dogs with stable joints? How did the combination of deaf-
ferentation plus ligament transection affect loading of the
ipsilateral limb? Does the effect on limb use of this combi-
nation of procedures differ, depending upon the sequence
and timing of the procedures?
The answers to these questions are relevant to our
understanding of how neuromuscular mechanisms control
the forces to which the stable and unstable canine knee
joint is exposed. For example, we previously showed that
immobilization and unloading of the knee prevents the
development of OA after ACLT.8 Therefore, if, after deaffer-
entation, dogs unload the ipsilateral limb, the failure of
deafferentation to initiate OA in the stable knee, and the
568 B. L. O’Connor et al.: Vertical forces, deafferentation, and OAfailure of deafferentation performed 1 year after ACLT to
accelerate the development of OA, could be explained by
such unloading. But if unloading protected stable and
chronically unstable knees after deafferentation, why was
OA greatly accelerated in the acutely unstable knee when
ACLT was performed shortly after deafferentation? In this
paper, we address these questions by presenting the
results of an analysis of the peak vertical ground reaction
forces (Fz) generated by the ipsilateral limb of the dogs
used in our previous study.6 A preliminary version of these
7results was previously presented.Materials and methods
STUDY GROUPS AND EXPERIMENTAL DESIGN
All aspects of this study related to the care and treatment
of vertebrate animals were approved by the institutional
Animal Care and Use Committee, and were in accordance
with institutional, National Institutes of Health, and the
United States Department of Agriculture regulations
governing the treatment of vertebrate animals.
For this study, we evaluated 37 normal adult male
mongrel dogs (25–35 kg), which were divided into five
experimental groups (Fig. 1).
Group I underwent ACLT of the left knee (N=7).
Group II underwent ACLT followed after 52 weeks by
ganglionectomy (N=8).
Group III underwent ganglionectomy followed about
2 weeks later by ACLT (N=7).
Group IV underwent sham-ganglionectomy followed
after about 2 weeks by ACLT (N=7).
Group V underwent ganglionectomy followed after about
2 weeks by sham ACLT (N=8).
Baseline radiographs of both knees of each dog were
normal prior to their inclusion in the study, and all dogs
were killed 72 weeks after knee surgery by a single
injection of T-61 solution (Taylor Pharmaceutical, Decatur,
IL), followed by creation of a pneumothorax.SURGICAL PROCEDURES
All surgical procedures were performed under aseptic
conditions. Prior to surgery, and for the first 7–14 days
thereafter, the animals were housed indoors in spacious
individual pens (1.5×3 meters). Subsequently, they were
moved to indoor/outdoor pens of comparable or larger size,
where they exercised ad libitum.
The sensation from the left hind limb was interrupted by
ganglionectomy, as previously reported.6 The left dorsal
roots of segments L4–S1 (five nerves per dog), were cut,
the peripheral stump was retracted laterally, and as much
as possible of each of the five ganglia was removed without
risking damage to the ventral root or spinal nerve.
The left anterior cruciate ligament was transected
(ACLT) through a medial arthrotomy, as previously
described.9 The procedures for sham-ganglionectomy and
sham-ACLT were identical to their experimental counter-
parts, except that the nerves and ligament, respectively,
were not cut.SCHEDULE OF FORCE PLATE DATA COLLECTION
Prior to their entry into the study, all dogs underwent a
force-plate evaluation. At this time, the peak vertical ground
reaction forces (Fz) for each limb were analysed to estab-
lish baseline values for the left hind limb, and to assure that
loading of all four limbs was normal9–11 prior to surgery.
Thereafter, force-plate data for the dogs in Groups III, IV,
and V (which underwent ganglionectomy or sham-
ganglionectomy) were obtained two weeks after back sur-
gery (immediately prior to arthrotomy). Data for all dogs
were also collected 2, 6, 12, 24, 52, 64 and 72 weeks after
arthrotomy. In addition, the dogs from Group III underwent
evaluation 54 weeks after arthrotomy (2 weeks after gan-
glionectomy). Although data for all four limbs were acquired
at each session, the present paper will focus only on the left
hind limb (Fig. 2). Data for the remaining three limbs will be
the subject of a future report.
To collect the force-plate data, each animal was led by
leash as he trotted at approximately 1.8 m/sec behind a
handler along the length of a specially-constructed runway
(approximately 9×1.0 m) in which the surface of a strain-
gauge force plate [Advanced Mechanical Technology, Inc.
(AMTI), Newton, MA] was positioned flush with the surface.
Each analysis was based on 5–10 successful trials per
session, and each trial was videotaped for archival pur-
poses and for subsequent correlation of wave form with
paw strike. A successful trial was defined as one in which
the wave forms were produced by a paw that was
completely on the force plate.
The signal from the force plate was processed using
AMTI signal conditioners and digitized at 50 Hz. An A/D
board (Scientific Solutions, Rochester, NY) was used to
transmit the signals to a Compaq Deskpro 286 computer
for storage and initial data analysis. The data were
acquired using Assystant+Scientific Software.–2 0 Weeks after ACLT
ACLT Group I SAC(N = 7)
ACLT Group II SAC(N = 8)





ACLT Group IV SAC(N = 7) +SG +
SACLT Group V SAC(N = 8) 0G
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Fig. 1. Experimental design, number of animals per group, and
severity of OA. ACLT=transection of the left anterior cruciate
ligament; SACLT=sham transection of the left anterior cruciate
ligament; G=ganglionectomy of left dorsal roots of the 5 lumbar
segments from L4-S1, inclusive; SG=sham ganglionectomy of the
left dorsal roots of the 5 lumber segments from L4-S1, inclusive.
The value representing the severity of OA is an average based on
the data and scale presented in (6). A statistical evaluation of those
data revealed that the severity of OA in Group III (no OA) and V
(very severe OA) each was significantly different from that of any of
the other four groups, but that the severity of OA in Groups I, II, and
IV (mild OA) did not differ statistically from one another.INITIAL EVALUATION AND DESCRIPTIVE STATISTICS
The raw data were evaluated by one individual (PIR)
who was blinded with respect to the experimental group,
using a customized program (FADAP, Indianapolis, IN)
based on Assystant+. Each of the more than 2300 wave
forms was examined individually. When wave forms of
Osteoarthritis and Cartilage Vol. 7 No. 6 569unusual shape or magnitude were identified, the appropri-
ate videotape archive was examined to confirm that the
index paw was completely on the force plate, and to
exclude the possibility that an aberrant strike by another
paw had contaminated the data.
After collecting 5–10 raw Fz values per limb for each dog
at each session, the mean of each set of Fz values for the
left hind limb was calculated. We termed this value the
‘mean peak vertical force,’ or MFz. We then normalized
the MFz to the dog’s weight at that session, and performed
the statistical analyses on these normalized data. Following
this, the mean of the normalized MFz’s was calculated
and the resultant values plotted for the left hind limb for
each experimental group at each time period.STATISTICAL ANALYSIS
Initially, the normalized MFz’s were analysed using a
mixed effects analysis of variance (ANOVA) model. The
model contained treatment groups as a fixed effect, time
points as a repeated factor, and their interaction and dog as
a random effect. This model was necessary to account for
the correlations among observations on the same dog.
However, the interaction term of treatment by time was
highly significant. Thus, because it was not appropriate to
draw conclusions about treatment and time from this
model, the treatment groups were then compared for each
time point separately. Tukey’s studentized range test was
used to control for multiple comparisons.ResultsGENERAL
Preoperative radiographs of both knee joints of all dogs
were normal, and all dogs appeared to ambulate withoutobvious kinematic abnormalities prior to surgery. During the
stance phase of ambulation, the right and left forelimb of
each intact animal generally accepted in turn approximately
110–120% of the animal’s resting body weight, and each
hind limb 60–70% of the dog’s resting weight.
Postoperatively, the dogs which underwent ganglionec-
tomy lost the ipsilateral patellar reflex but retained a slight
but variable amount of sensation on the ipsilateral hind paw
and along a narrow strip of skin on the ipsilateral posterior
leg and thigh. Dogs which underwent ganglionectomy or
sham ganglionectomy generally held the ipsilateral hind
limb in a dependent position for the first 7–10 days after
surgery. By the end of the second postoperative week
(immediately prior to knee surgery), however, they used the
ipsilateral limb with sufficient frequency to permit force plate
evaluation. Similarly, after ACLT, the dogs held the ipsilat-
eral limb in a dependent position for the first 5–7 days
postoperatively, regardless of whether or not ipsilateral
sensation had been interrupted. Two weeks after ACLT,
most dogs used the unstable limbs intermittently and there-
after all dogs used the cruciate deficient regularly.MEAN MFZ BY TREATMENT GROUP (TABLE I, FIG. 2)Group I (ACLT)
Two weeks after ACLT, the ipsilateral MFz was reduced
from about 68% (preoperatively) to about 26% of resting
weight. By 24 weeks after ACLT, the MFz for this group had
stabilized at about 41% of body weight, and remained at
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Fig. 2. Mean peak vertical ground reaction force generated by the left hind limb in the five treatment groups. Baseline evaluations were made
immediately prior to deafferentation (or sham deafferentation) (−2 weeks), immediately prior to transection (or sham transection) of the
anterior cruciate ligament (0 week), and 2, 6, 12, 24, 52, 64 and 72 weeks after knee surgery. In addition, the dogs which underwent
deafferentation 52 weeks after knee surgery were evaluated 2 weeks thereafter (54 weeks after arthrotomy). ACLT=transection of the left
anterior cruciate ligament; SACLT=sham transection of the left anterior cruciate ligament; G=ganglionectomy of left dorsal roots of the 5
lumbar segments from L4-S1, inclusive; SG=sham ganglionectomy of the left dorsal roots of the 5 lumbar segments from L4-S1, inclusive.
h, G+ACLT; e, SG+ACLT; ", ACLT; _, G+SACLT; , ACLT+G.Group II (ACLT+ganglionectomy)
Two weeks after knee surgery, the ipsilateral MFz was
reduced from a pre-operative value of about 70% to about
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about 55% of the dog’s weight 52 weeks after ACLT, at
which time these animals underwent dorsal root gangli-
onectomy. Two weeks after ganglionectomy, the MFz was
reduced to about 39% body weight, but then returned to
53–55% body weight 64 and 72 weeks, respectively, after
ACLT (Fig. 2, circles).Group III (ganglionectomy+ACLT)
Two weeks after deafferentation (immediately prior to
ACLT), MFz was reduced from a preoperative value of 67%
to 51% of the animal’s weight. Two weeks after ACLT, MFz
decreased still more, this time to about 35% of resting
weight. Over the ensuing 22 weeks, the MFz increased to
about 50–55% weight, where it remained until death (Fig. 2,
open squares).Group IV (sham ganglionectomy+ACLT)
Two weeks after sham-ganglionectomy, MFz was
decreased from a preoperative value of about 63% to about
60% of the dogs resting weight. Two weeks after ACLT,
MFz was further reduced to about 30% body weight but
increased gradually until the 24th week after ACLT, and
then remained stable at about 52% resting body weight
until death (Fig. 2, diamonds).Group V (ganglionectomy+sham ACLT)
Two weeks after deafferentation, MFz was decreased
from a preoperative value of about 67% to about 44%
weight, but as early as 2 weeks after sham ACLT the
ipsilateral MFz had recovered to 62% weight. From 6
weeks after sham-ACLT until death, the MFz remained
about 65–70% weight (Fig. 2, triangles).STATISTICAL ANALYSISGeneral
Owing to the fact that the interaction term of treatment by
time was highly significant, it was not appropriate to draw
conclusions about the effects of time on the changes of
MFz.Comparison of treatment group mean MFz
(Table II)
No differences existed between the MFz generated by
the ipsilateral hind limb of the dogs in the different treat-
ment groups prior to surgery. Thereafter, the ipsilateral MFz
of ganglionectomy+sham-ACLT returned to baseline by 2
weeks after knee surgery and tended to be significantly
greater than that in the other four treatment groups at
most time points (P<0.05). With one exception, MFz’s in
the remaining four groups did not differ significantly from
one another (P<0.05 12 weeks after arthrotomy, when
ganglionectomy+ACLT was compared to ACLT).
Discussion
The forces exerted on a substrate during ambulation can
be resolved into three components: the mediolateral force
(Fx), craniocaudal force (Fy) and vertical force (Fz). Of
these, Fz is by far the greatest9,12 and would be expected
to contribute most to joint damage and the development of
OA with loading of the unstable knee. As expected,9,10,12
the MFz of left and right hind limbs of each dog at baseline
approximated 65–70% of body weight.LIMITATION OF STATISTICAL ANALYSIS
The size and complexity of the study created logistical
problems that could not always be solved (scheduling,Table I
Means±standard deviation (percent body weight) generated by the left hind limb of dogs
Session Treatment group
ACLT (N) ACLT+G (N) G+ACLT (N) SG+ACLT (N) G+SACLT (N)
1 68.4±5.8 (6) 70.3±10.3 (8) 67.1±6.6 (7) 63.1±11.3 (7) 67.3±7.8 (8)
2 50.9±11.5 (6) 59.8±9.2 (5) 44.2±9.5 (7)
3 25.5±8.2 (6) 20.0±2.5 (8) 34.6±10.5 (6) 29.5±12.0 (7) 62.1±12.6 (7)
4 37.4±22.1 (2) 27.0±6.6 (5) 44.9±9.3 (5) 36.0±12.4 (7) 70.5±5.1 (6)
5 31.6±11.1 (7) 36.9±11.6 (8) 52.2±10.6 (7) 42.7±14.3 (7) 66.1±9.5 (8)
6 41.2±10.9 (6) 43.5±14.0 (8) 57.8±11.8 (7) 51.8±14.3 (7) 67.1±9.1 (8)
7 44.7±15.6 (6) 56.2±5.2 (8) 53.4±5.2 (7) 48.8±10.2 (7) 69.8±14.2 (8)
8 39.0±5.9 (5)
9 43.5±11.7 (7) 53.0±9.7 (7) 54.6±4.8 (7) 52.8±10.0 (7) 66.7±13.2 (8)
10 43.4±11.1 (7) 55.5±6.8 (8) 51.9±4.9 (7) 50.4±10.3 (7) 64.8±10.3 (8)
ACLT=Anterior cruciate ligament transection. ACLT+G=Anterior cruciate ligament transection followed after
52 weeks by dorsal root ganglionectomy. G+ACLT=Dorsal root ganglionectomy followed after 2 weeks by
anterior cruciate ligament transection. SG+ACLT=Sham-dorsal root ganglionectomy followed after 2 weeks
by transection of the anterior cruciate ligament. G+SACLT=Dorsal root ganglionectomy followed after 2 weeks
by sham anterior cruciate ligament transection. With the exception of time C of the ACLT dogs, data were
obtained from at least five dogs at each time point for all study groups. Session 1: baseline; Session 2: 2 weeks
after back surgery; Session 3: 2 weeks after knee surgery; Session 4: 6 weeks after knee surgery; Session 5: 12
weeks after knee surgery; Session 6: 24 weeks after knee surgery; Session 7: 52 weeks after knee surgery;
Session 8: 54 weeks after knee surgery, 2 weeks after back surgery; Session 9: 64 weeks after knee surgery;
Session 10: 72 weeks after knee surgery.
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overcome the reluctance of dogs to co-operate when they
were distracted, tired, or simply not so inclined. As a
consequence, the (relatively) small number of animals
whose MFz we could collect at all time points likely contrib-
uted to the highly significant interaction of treatment by time
when we initially performed the mixed effects ANOVA.
We believe this is the single biggest limitation of the
statistical analysis, since it precluded making statistically-
supported conclusions about whether or not post surgical
MFz’s differed from baseline values. However, we were
nevertheless able to analyse most dogs at most time
points.
EARLY POST-SURGICAL MFZ IN GROUPS I, II, AND IV (ACLT,
ACLT+GANGLIONECTOMY, AND SHAM-GANGLIONECTOMY+ACLT)
These dogs were neurologically intact throughout the
first year of the study, and all had developed comparably
mild OA when killed 72 weeks after ACLT.6 The loading of
the unstable knee in these three experimental groups 2, 6,
and 12 weeks after ACLT was similar to values previously
reported for dogs with intact sensory nerves killed 12
9weeks after ACLT.GROUPS I (ACLT) AND IV (SHAM GANGLIONECTOMY+ACLT)
Although the dogs in Groups I and IV were neurologically
intact, we considered the possibility that the sham-
ganglionectomy in Group IV would disrupt the paraspinal
muscles in a way which could result in altered loading of
the ipsilateral limb and modify the severity of OA in com-
parison to that in Group I. However, the pathologic changesof OA in both groups were mild, and the magnitude of the
loading of the ipsilateral limb in the two groups was
indistinguishable.GROUP V (GANGLIONECTOMY+SHAM-ACLT)
These dogs, whose knee joints were normal at death,
bore normal load on the ipsilateral hind limb from weeks
6–72 after knee surgery. This observation is consistent with
the hypothesis that the central nervous system (CNS) can
generate normal commands to the muscles of an exten-
sively deafferented but stable limb. Thus, in dogs with a
stable knee, the principal change after ipsilateral deaffer-
entation appears to be a relatively minor (non-damaging)
increase of 15–20° of knee extension at the beginning and
end of each step cycle,13 while loading (as shown here)
and temporal events (the duration of the components of the
step)13 remain normal.
These observations are consistent with the hypothesis
that protection of the stable knee during normal day-to-day
activity is conferred passively (as an incidental ‘by-product’
of a normal joint being used normally), rather than actively
(as a result of ipsilateral sensation constantly modulating
joint movements and limb loading within limits that protect
the joint from excessive loading and/or excursion).6 This is
not to say that useful, co-ordinated movements can occur
in the complete absence of ipsilateral sensation, but that
the CNS requires little ipsilateral sensory input to produce
normal limb movements, which incidentally protect the
knee from exceeding its safe range of excursion and/or the
safe limits of joint loading. Presumably, such protection and
relatively normal movements are coordinated by sensation
from the visual system, vestibular system, muscles, skin
and joints of the limb in which sensory nerves are
intact, and modulate the discharges of central pattern
generators.5,6,13
We previously showed that dogs which underwent ACLT
and then had their cruciate-deficient knee immobilized in a
non-weight-bearing position did not develop knee OA.8
That observation suggests that development of OA in the
cruciate-deficient joint depends upon usage of the joint
(i.e., OA is a consequence of trauma) and raises an
important question: might the absence of OA in dogs with a
stable knee which underwent ganglionectomy5,6 be attribu-
table to the fact that the dog did not load the deafferented
limb? This possibility is ruled out by our observation that
dogs which underwent ganglionectomy+sham-ACLT bore
normal weight on the ipsilateral limb from about 6 weeks
after knee surgery until death. Therefore, protection was
not conferred by disuse.GROUP II (ACLT+GANGLIONECTOMY)
After ACLT, and prior to deafferentation, MFz in this
group resembled that of the other neurologically intact
groups that underwent ACLT. Subsequent to deafferenta-
tion, MFz initially decreased to about 40%, and then rose to
about 55%, of body weight. Because the MFz of Group II
after ganglionectomy was comparable to that of the
neurologically-intact dogs which had undergone ACLT, the
failure of Group II to develop more severe OA than Groups
I and IV can not be attributed to additional unloading of the
unstable limb after ganglionectomy.
It is notable that loading of the unstable limb after
deafferentation in the ACLT+ganglionectomy group quicklyTable II
Multiple pairwise comparisons between the peak vertical forces of
the left hind limbs
Treatment vs Treatment Sessions where
P<0.05*
G+SACLT vs ACLT 3, 4, 5, 6, 7, 9, 10
G+SACLT vs ACLT+G 3, 4, 5, 6
G+SACLT vs G+ACLT 3, 4, 7
G+SACLT vs SG+ACLT 2, 3, 4, 5, 7, 10
SG+ACLT vs ACLT Not significant
SG+ACLT vs ACLT+G Not significant
SG+ACLT vs G+ACLT Not significant
G+ACLT vs ACLT 5
G+ACLT vs ACLT+G Not significant
ACLT+G vs ACLT Not significant
*Tukey’s Studentized Range (HSD) Test.
G+SACLT=Dorsal root ganglionectomy followed after 2 weeks
by sham anterior cruciate ligament transection; SG+ACLT=sham
ganglionectomy followed after 2 weeks by anterior cruciate liga-
ment transection; G+ACLT=ganglionectomy followed after 2
weeks by anterior cruciate ligament transection; ACLT+G=anterior
cruciate ligament transection followed after 52 weeks by dorsal
root ganglionectomy; ACLT=anterior cruciate ligament transection.
Session 1: Pre-op (baseline); Session 2: 2 weeks after back
surgery; Session 3: 2 weeks after knee surgery; Session 4: 6
weeks after knee surgery; Session 5: 12 weeks after knee surgery;
Session 6: 24 weeks after knee surgery; Session 7: 52 weeks after
knee surgery; Session 8: 54 weeks after knee surgery (2 weeks
after back surgery); Session 9: 64 weeks after knee surgery;
Session 10: 72 weeks after knee surgery.
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of the back (about 55% body weight), rather than to the
baseline value of about 70% body weight. This is consistent
with the hypothesis that during the 52 weeks between
ACLT and ganglionectomy, sensation from the unstable
limb defined patterns of movement and loading that were
compromizes between what the CNS found to be least
aversive, on the one hand, and most efficient, on the other.
Presumably, once identified, these patterns were practiced
repeatedly until central program generators were modified,
and the CNS continued to use these new patterns of
movement as default movements after ipsilateral sensation
from the unstable limb was ablated.
It seems likely that tolerance for, and response to, knee
instability is highly individual, i.e., that a dog which has a
high threshold for discomfort and is highly motivated to be
active may load an unstable limb more than a sedentary
dog with a low threshold for discomfort. This would be an
important source of variability that could influence the
length of time necessary for completion of reprograming by
the CNS.
Still, we have not ruled out the possibility that protection
of the chronically unstable joint from further breakdown
after deafferentation was conferred by a mechanism other
than a reprogramed CNS. Thus, it is conceivable that
sufficient time existed during the year between ACLT and
deafferentation for development of local mechanical fac-
tors, such as osteophytes, thickening of the joint capsule
and altered articular geometry, which could passively
stabilize the joint and limit trauma. When combined with
the intrinsic reparative capacity of cartilage, such changes
might prevent further breakdown. In this scenario, ipsilat-
eral sensation would be temporarily important in protecting
the joint until development of local mechanical factors
became protective.
GROUP III (GANGLIONECTOMY+ACLT)
After arthrotomy, ipsilateral loading of the unstable
extremity in these dogs, which developed very severe OA,
was usually greater than in the three other groups with an
unstable knee, each of which developed only mild OA,
although this difference was generally not significant.
Indeed, only at 12 weeks after arthrotomy were the MFz of
dogs in Group III significantly greater than the MFz of
any other group with knee instability, when P<0.05 in
comparison to Group IV (Fig. 2).
Nevertheless, this group consistently bore a much
greater percentage of their weight on the unstable limb 2, 6
and 12 weeks after ACLT than did groups which underwent
ACLT but whose sensory nerves were intact (Table III). It
may be that it is during this time, when the dogs were
presumably least able to identify the specific problem with
their knee, that the joint was damaged to the point where
continued use, even if it was minimally different from that of
the other ACL deficient dogs, resulted in severe OA.
How might sensation protect the unstable dog knee
joint? After ACLT, the neurologically-intact dog unloads the
unstable limb (cf. above9,11) and partially immobilizes the
unstable joint during the stance phase of the gait cycle
(‘yield,’ which consists of a brief epoch of flexion at the time
of weight acceptance, is lost for up to 26 weeks in neuro-
logically intact dogs after ACLT).15 Presumably, these
changes reflect the dog’s inclination to minimize sensations
of pain and/or instability while retaining limited use of the
unstable limb. Although this strategy would reduce traumato articular and periarticular tissues, it is not fully effective
because OA does develop in the unstable knee of neuro-
logically intact dogs, and, eventually becomes severe.
Therefore, despite reducing loading and ‘yield’, this neuro-
muscular mechanism does not prevent a rapid (20–30 ms)
abnormal cranial translation (of about 5 mm) of the tibia on
the femur at touchdown.16,17 Presumably, failure to prevent
this movement results in the mild OA which characterizes
this model.
In contrast, dogs which underwent ganglionectomy+
ACLT, resulting in severe OA,6 consistently loaded the
unstable limb slightly more [cf. above] than the
neurologically-intact ACL-deficient dogs (although this dif-
ference was not statistically significant), and did not ‘splint’
the unstable knee during stance (i.e., they retained
‘yield’).14 In addition, in dogs subjected to hind limb deaf-
ferentation, regardless of whether the ipsilateral knee was
stable13 or unstable,14 knee extension during treadmill
trotting was increased by 5–10° throughout the gait cycle.
It seems reasonable to speculate that the severe OA
characteristic of the ganglionectomy+ACLT model14 is
caused by several factors, perhaps none of which, in itself,
is sufficient to account for the severity of the joint damage.
For example, ‘yield,’ which is retained after ganglionec-
tomy, may increase abnormal, damaging movements of the
unstable knee. Similarly, the slightly greater loading in the
ganglionectomy+ACLT group, in comparison with the ACLT
group [cf. above], is likely to increase damage in the
unstable joint. And, increased knee extension after gangli-
onectomy,13,14 which is not detrimental to a stable
knee, may combine to amplify the destructive effects of
abnormal tibial translation and produce the severe OA that
characterizes the ganglionectomy+ACLT model.
It is important to appreciate that this study, in common
with all studies aimed at linking joint use (‘cause’) with the
development of arthropathy (‘effect’), is limited and biased
towards the techniques available, the behavior evaluated,
and the amount of time committed to evaluating a given
behavior. In the present study, we evaluated each dog for a
limited period of time (0.5–1 hour per session). We evalu-
ated only one aspect of limb use (vertical ground reaction
force), an indirect measure of one component of the
various forces acting at the knee. We evaluated the
animals only while they were ‘trotting;’ e.g., we did not
evaluate limb loading during other forms of ambulation,Table III
Percentage of the MFz of G+ACLT generated by neurologically






2 weeks 74% 58% 85%
6 weeks 83% 60% 80%
12 weeks 60% 71% 82%
ACLT+Anterior cruciate ligament transection. ACLT+G=
Anterior cruciate ligament transection followed after 52 weeks by
dorsal root ganglionectomy; G+ACLT=dorsal root ganglionectomy
followed after 2 weeks by transection of the anterior cruciate
ligament; SG+ACLT=sham ganglionectomyfollowed after 2 weeks
by anterior cruciate ligament transection. The percentages repre-
sent the pooled MFz of each of the three groups divided by the
pooled MFz of the dogs who underwent G+ACLT at the corre-
sponding time points.
Osteoarthritis and Cartilage Vol. 7 No. 6 573such as walking, galloping or jumping, or limb use during
other behaviors, such as sitting down, arising from the
recumbent position, standing on hind limbs, scratching or
other typically canine behaviors. Therefore, we (indirectly)
evaluated a very small, perhaps unrepresentative, com-
ponent of the total spectrum of forces which together
comprise the ‘mechanical environment’6 of the knee.
It is unclear which activities might contribute to the rapid
breakdown of the acutely unstable joint in dogs with ipsilat-
eral deafferentation—and, by inference, are those activities
which, in the neurologically intact dog, are modulated by
ipsilateral sensation to protect the ACL-deficient joint from
rapid breakdown. We cannot exclude the possibility that
alterations in kinematics13–15 or ipsilateral loading (as
measured in this study) are relatively unimportant to the
accelerated development of OA in the acutely unstable and
deafferented limb; i.e., that they are ‘false positives,’ and
that some other activity (such as scratching the ear) might
be the one that is most damaging to the unstable joint when
sensory input from the limb is impaired.
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